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SUBJECTIVE  RESPONSE TO SYNTHESIZED  FLIGHT  NOISE  SIGNATURES 
OF  SEVERAL  TYPES OF V/STOL  AIRCRAFT 

By  Ernest G. Hinterkeuser 
and  Harry  Sternfeid, Jr. 

The Boeing  Company,  Vertol  Division 

SUMMARY 

The  acoustical  signatures  of  various  types  of  V/STOL  air- 
craft  sized  for 60 passengers  and  a 500 mile  range  were  analyt- 
ically  predicted,  and  tape  .recordings  synthesizing  these  sounds 
prepared. Test  subjects  listened to these  sounds  and  compared 
their  annoyance  with  that of a  jet  airplane.  Perceived  noise 
levels  were  calculated,  and  the  levels  which  produced  equal 
annoyance  to  the  jet  were  determined.  Each  aircraft  was  ana- 
lyzed to determine  the  distance  it  must  maintain  from  observers 
in  order  not to exceed  the  annoyance  of  the  jet  airplane  during 
terminal  and  flight  operations.  A  second  analysis  was  made  to 
identify  the  noise  reduction  required  for  each  aircraft  in 
order to operate  at  specified  distances  at  a  specified  level 
of  annoyance.  The  aircraft  studied  were  helicopters,  fan  lift, 
jet  lift,  and  tilt  wing  VTOL  and  a  turbofan  STOL. 

The  results  of  the  tests  and  analyses  indicate  that  several 
V/STOL  aircraft  configurations  exhibit  subjectively  better  acous- 
tical  characteristics  than  others  depending on flight  configura- 
tion  and  inherent  differences  in  propulsion  systems.  Quanti- 
tative  guidelines  for  the  evaluation  of  public  reaction to the 
noise  of  these  configurations  are  given  in  Figures  13  and 16. 
Component  noise  reduction  requirements  are  summarized  in  Fig- 
ure 17. The feasibility of synthesizing  subjectively  acceptable 
aircraft  noises  and  the  usefulness  of  paired  comparison  testing 
have  been  demonstrated. 

INTRODUCTION 

The  purpose of this  study  was to evaluate  subjective re- 
sponse  to  the  far  field  noise  characteristics of several  types 
of V/STOL  aircraft  sized  to  carry 60 passengers  over  a 500 mile 
range.  Since  several  different  types of noise  sources  are  in- 
volved,  one  of  the  expected  results of such  studies  is  the 
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identification of particular  components of the  aircraft  which 
may  require  modification  for  noise  reduction  during  terminal 
and/or cruise  operating  conditions. 

The  problem of aircraft  noise  and  its  effect on the  public 
is  one  which  has  been of increasing  concern. The  development 
of the  jet  airplane  and  its  ever  increasing  size  and  power, 
combined  with  the  rapid  growth in air  traffic  density,  have 
tended to focus  attention on the  need  for  criteria  which  could 
be used  for  regulatory  purposes  or  to  evaluate  the  acceptability 
of new and  proposed  aircraft. 

The  most  widely  accepted  answer to this  need to date  has 
been  the  development of perceived  noise  level  (PNL)  (references 
1 and 2 ) .  The  PNdb  regulations  currently  in  use,  however,  con- 
sider  only  the  spectral  content  and  level of the  acoustical 
signature  and  do  not  consider  factors  such  as  time  duration  and 
presence of pure  tone  components. 

While  the  development of a  noise  criteria  index  which  will 
apply  uniformly  to  all  aircraft  sounds  (or,  even  better, to all 
sounds)  should  be an ultimate  objective of researchers  in 
psycho-acoustics,  this  goal  is not clearly  attained  by  the 
present  PNdb  calculation,  nor by any of the proposed  modifica- 
tions,  in  that  universality of application  is yet to be demon- 
strated. This  program,  which  has  as  its  objective  an  assessment 
of the  noise  produced by various  aircraft  configurations,  seeks 
to determine  that  PNdb  level  measured  outdoors  which,  for  a 
given  configuration,  will  cause  the  same  public  reaction  from 
people  indoors  as  a  jet  airplane  producing  112  PNdb  outdoors. 
This  will be referred  to  as  the  comparative  perceived  noise 
level of the  aircraft.  The  method of arriving  at  the  compara- 
tive  perceived  noise  level  is  illustrated in  Figure 1. 

The  method of paired  comparisons  is  employed  because  it 
tends to cancel  out  many  physical  and  psychological  differences 
between  subjects  which  might be present  in an absolute  judgment 
test. 

It is  apparent  that  an  investigation  such  as  this  one  can 
only  be  successfully  achieved  by  a  blending of the  skills  in- 
volved  in  both  acoustics  and  psychology. This program  was 
greatly  enhanced by the  guidance of its two consultants, Dr.  Roy 
Hackman,  Professor of Psychology,  Temple  University,  and 
Dr. Karl  Kryter,  Stanford  Research  Institute.  Dr.  Hackman 
advised on survey  form  design,  statistical  handling  and  validation 
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of the  data,  and  conducted  the  test  sessions.  Dr.  Kryter  not 
only  provided  continuity  with  previous  and  current  work  .re- 
garding  perceived  noise  level but  also  consulted on preparation 
of  test  samples  and  interpretation  of  the  test  results.  The 
cooperation  of  the  staff  of  PMC  Colleges,  Chester,  Pennsylvania, 
is  gratefully  acknowledged  for  providing  a  test  site  and  securing 
test  subjects.  All  data  reduction,  test  result  compilation,  and 
calculations  were  performed  by  Miss  Marna H. Cupp. 

PRELIMINARY  ANALYSIS 

The  basis  for  the  present  research  project  was a study of 
VTOL  and  STOL  short-haul  transports  conducted  for  the  NASA  Ames 
Research  Center  (references 3 and 4 ) .  In that  program,  VTOL 
and  STOL  aircraft  were  analyzed  in  order  to  determine  those  most 
suitable  for  commercial  short-haul  operation  and  the  research 
required to bring  them  to  full  operational  status.  The  study 
covered  aircraft  design,  operational  techniques,  noise  and 
public  acceptance,  acquisition  cost,  direct  operating  cost, 
technical  risk,  and  research  requirements. 

The  summary  of  reference 3 states  that  the  lift  fan  VTOL, 
jet  lift VTOL, tilt  wing VTOL, and  turbofan  STOL  are  the  most 
promising  concepts. A rigid  single  rotor  composite  aircraft 
and  a  tandem  rotor  helicopter  were  also  evaluated to provide 
more  complete  coverage  of  the  disc  loading  spectrum. 

Ground  rules  covering  aircraft  design  included  a 500 statute 
mile  nonstop  range,  contingency  ratings  for  prime  or  auxiliary 
engines,  specified  flying  qualities,  and 60 passenger  payload 
capabilities.  Appendix  A  describes  the  various  aircraft  and 
provides  the  predicted  acoustical  spectra  for  each. 

SIMULATION 

There  were  three  basic  sources  available  for  the  sounds  re- 
quired  to  simulate  the  aircraft  under  study:  (a)  tape  record- 
ings  of  aircraft  of  the  same  general  configuration:  (b)  tape 
recordings  of  specific  components of a  given  configuration  such 
as  a  rotor,  propeller, etc.;  (c)  electronically  synthesized 
noise.  Whenever  possible,  source  (a)  was  employed  due  to the 
overall  simplicity  and  because  this  method  is  most  realistic. 
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When a single  tape of the  configuration  was  not  available, 
sources  (b)  and  (c),  generally in combination,  were  used. 

To synthesize  aircraft  sounds,  detailed  spectrum  content, 
amplitude-time  history,  directivity  index,  and  Doppler  shift 
analyses  were  carried  out to properly  account  for  most of the 
subjective  aural  effects of an aircraft.sound. If the  source 
was  a  complete  tape  (source  a)  the  procedure  outlined in Fig- 
ure 2 was  followed. A description of each of the  elements in 
Figure 2 follows. 

Frequency  shift. - When  it  was  required to change  all  the 
frequencies  in  the  signature  proportionally,  this  was  accom- 
plished  by  re-recording  the  original  tape  (a) on a  second  re- 
corder  equipped  with  a  variable  tape  speed  control.  Changing 
the  tape  speed  resulted  in  an  effective  change  in  frequency 
content  due  to  the  relationship  of  the  recorded  wavelength  to 
the  rate at which  the  tape  traverses  the  recording  gap. 

Spectrum  shapinq. - In order  to  alter  the  spectrum  shape 
of  the  available  taped  sound  to  match  the  analytical  predic- 
tion  of  the  new  aircraft,  the  signal  was  fed  through a set  of 
1/3 octave  band  filters,  each  with  independent  attenuation 
control  (c),  which  were  pre-adjusted  to  produce  the  desired 
changes. 

Amplitude-time. - Variation  in  sound  pressure  level  with 
time  is a  function  of  the  aircraft  velocity,  distance  from  the 
observer,  and  direction  with  respect  to  the  observer.  Since 
it  was  highly  improbable  that  the  available  sound  tape  would 
display  the  desired  rate of build up and  decline  of  the  signals, 
this  was  compensated  for  by  providing  a  potentiometer  and  a 
graphic  display  of  the  output  signal (a). By  manual  adjustment, 
the  signal  could  then be  built up or  diminished  in  order  to 
provide  the  desired  time  history  for  recording  on  the  final 
master  tape  (e). 

When  the  sounds  were  to  be  synthesized  from  components  and 
electronic  sounds,  the  procedure  became  more  complex  and  is 
illustrated  in  Figure 3 .  

Taped  components. - Taped  components  (a)  were  frequency 
shifted (b) and  reshaped  (c) in  a manner  similar to that  pre- 
viously  described. 
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. -  

Electronic  synthesis (a). - Broad  band  sounds  were  produced 
by random or white  noise  generators  and  were  then  filtered  and 
shaped  as  required.  Pure  tones  were  generated  by  suitable 
oscillators. 

Simulation  tape (e). - Each  separate  component  was  then 
recorded  on  a  single  channel  of  a  multichannel  tape  recorder 
for  subsequent  combining. 

Directivity  and  amplitude-time  history. - Since  the  sounds 
produced  did  not  contain  the  qualities  imparted  by  motion of 
the  source  (directivity,  time  variation or Doppler  shift), 
these  had  to  be  introduced  artificially.  The  first  two  of 
these  effects  were  combined  by  the  following  procedure.  The 
various  synthesized  sounds  were  combined  on  three  tracks  of  a 
magnetic  tape  in  proper  proportion to produce  the  forward 
directed  spectrum,  the  side  directed  spectrum  and  the  aft 
directed  spectrum.  The  output of  each  track  was  connected  to 
a separate  amplifier-speaker  combination,  mounted on a  vehicle, 
and  driven  past  a  stationary  microphone-recorder  system  (Fig- 
ure  3f  and  Figure 4 )  approximately 75 feet  away  (see  top  of 
Figure 4 ) .  The  distance  was  determined  by  vehicle  and  ambient 
noise  levels.  The  result  was  a  gradual  build-up  of  sound  with 
time as each  component  of  noise  would  predominate:  first  the 
source  with  the  approach  noise,  then  the  side  directed  noise, 
and  then,  on  the  fade-away  portion  of  the  sound,  the  aft  directed 
noise.  These  tests  were  conducted  out  of  doors  permitting 
believable  sound  signatures  to  be  recorded  since  the  turbulence 
present  in  the  atmosphere,  even  over  short  distances,  provided 
realistic  fluctuations  in  noise  amplitudes. 

To check  the  accuracy  of  the  simulation  against  the  results 
of the  calculated  frequency  content  of  this  sound,  an  analysis 
of  the  recorded  noise  was  made  after  every  few  passes  of  the 
vehicle  in  the  field.  Figure 5 shows  the  equipment  used  to  ob- 
tain  octave-band  frequency  analysis of the  simulated  fly-by  as 
a  function  of  time. 

An  actual  aircraft  sound  amplitude-time  history  is  illus- 
trated  in  Figure 6. Part  b  of  the  figure  shows  a  first  approx- 
imation to this  sound  using  a  shaped  broad  band  random  noise 
generated  electronically  whose  amplitude  as  a  function  of  time 
was  controlled  by  a  potentiometer on  the  random  noise  generator 
(volume  control). It can  be  seen  that  the  natural  random  ampli- 
tude  fluctuations  due  to  unsteady  atmospheric  effects  are  ab- 
sent. The sound  does  not  seem  real  to  a  listener  even  if 
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variations  in  the  handling of the  volume  control  are  intro- 
duced.  However,  as  illustrated in part c, the  combination  of 
an  electronic  sound  with  out-of-door  fly-by  simulation  results 
in  a  most  realistic  simulation. 

Based on  the  results .of earlier  experiments,  it  was  decided 
to  drive.  a  microphone  past  a  stationary  sound  source  to  simulate 
time  amplitude  variations.  This  was  tried  with  the  results 
that (1) wind  noises  created  a  problem  even  with  protective 
devices  like  nose  cones  and  wind  screens,  and ( 2 )  vehicle  noises, 
being  close to  the  recording  microphone,  were  too  high.  Re- 
versing  the  procedure  and  driving  the  source  past  the  recorder 
minimized  these  problems. 

Doppler  shift. - It  was  assumed,  because  of  the  relatively 
low  airspeeds  required  during  hover-to-transition,  that  Doppler 
shift  would  make  a  relatively  minor  contribution  to  the  overall 
subjective  effect of the  terminal  noises.  Its  omission  was  felt 
to  be  justified  in  view of  the  work  involved  in  inserting  it 
into  the  sounds  for  these  small  speed  variations.  However,  at 
cruise,  this  effect  might  become  subjectively  important  and 
would  certainly  enhance  the  credibility of  the  simulated  sounds. 
For  those  sounds  requiring  Doppler  shift  simulation,  the  follow- 
ing  method  for  inserting  this  effect  was  used:  the  record  made 
up  of  the  component  noises  combined  in  the  field  by  the  vehicle 
fly-by  technique  was  stretched  on  the  approach  and  condensed 
on  the  departure  sides  of  the  peak  of  the  amplitude-time  history 
(Figure  7b). This  was  done by  having  the  vehicle  driven  more 
slowly at  the  beginning  than  at  the  end  of  the  simulated  fly- 
by. Later,  in  the  laboratory,  this  noise  was  re-recorded  on 
the  variable  speed  tape  recorder  (Figure  3g)  at  different  tape 
speeds  to  obtain  the  desired  overall  frequency  shift  variation 
with  time.  Figure  7c  illustrates  this  technique. 

Final  spectrum  and  amplitude-time  history. - All that  re- 
mained  to  be  done  was  to  adjust  the  octave  band  spectrum to its 
final  envelope  according to-the predictions  and to  finalize 
the  duration  times  between  the 20  db  downpoints  (from  the  peak 
overall  sound)  by  means of  a  potentiometer  (Figure  3h  and  3i). 

The  amplitude-time  history  envelopes  for  the  noise  signatures 
representing  an  aircraft  fly-over  are  very  similar  to  that  of 
today's  jet  airplane.  Figure  8a  illustrates  such  a  typical 
transient  of  both  the  real  jet  sound,  used  as  reference  in  the 
study,  and  that  of  one  of  the  simulations. However,.there  is 
an  obvious  difference  in  these  time  histories  and  that  of  Fig- 
ure 8b,  which  represents  a  takeoff  noise  history  of  a  VTOL 
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aircraft. The latter  signature  was  determined  from  a  study  of 
motion  pictures  of  helicopter  takeoff  operations  from  the  roof 
of  the  Pan-American  Building  in  New  York  City.  The  maneuver, 
considered  typical of those  which  will  be  performed  during  VTOL 
takeoffs  in  urban  areas,  consists  of  the  following: (a)  hover 
for  aircraft  checkout,  (b)  vertical  climb to  100  feet  from  the 
roof-top  surface,  and  (c)  fly-away. The  average  elapsed  times 
for  each  of  these  flight  portions  determined  from  records  of 
the  roof-top  operations  was  assumed  to  apply  also  for  the  VTOL 
aircraft  in  this  study. 

For  a  description  of  the  synthesis of each  individual  air- 
craft  sound,  see  Appendix B. 

Volume  Adjust  Test 

The  general  approach  taken  in  this  study  required  determina- 
tion of the  level of  a  given  sample  of  noise  that  is  judged  to 
be  equally  annoying  to  the  reference  sound of the  jet  airplane. 
Since  the  amount  of  testing  which  could  be  performed  was  limited 
to  about  two  hundred  test  subject  hours,  each  curve  had  to  be 
defined  by  only  four  points of  data, and  the  response  curves 
with  these  few  points  presented  two  problems: 

1. The  spread  of  test  levels  must  be  large  in  order 
to  ensure  inclusion of the 50 percent  decision 
point  within  the  range tested. 

2. The  spacing  of  the  points  should  be  close  enough 
to  allow  good  definition  of  the 5 0  percent 
decision  point. 

It  is  obvious  that  the  two  requirements  are  in  conflict, 
but  the  spread  of  test  levels  could  be  greatly  reduced  if  it 
were  possible  to  define  the 50 percent  decision  point  by  pre- 
liminary  testing,  and  then  refine  the  definition  in  this  area 
with  the  large  sample  test  program. 

In  order  to  achieve  the  first  objective,  a  preliminary  test, 
called  the  volume  adjust  test,  was  performed.  Subjects  were 
asked  to  listen  to  the  reference  and  stimulus  sounds  in  suc- 
cession as many  times as they  wished  and  to  adjust  the  volume 
of  the  stimulus  to  a  level  which  produced  equal  annoyance  to 
the  reference.  The  volume  of  the  reference,  a  jet  airplane 
sound  of 112  PNdb out-of-doors,  could not  be  adjusted. 
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The  median of the  subjective  response  was  then  chosen as 
the  midpoint  from  which  the  four  levels  for  the  paired  compari- 
son  tests  were  derived.  Appendix  C  describes  the  procedure  used 
to  simulate  apparent  distance  effects  for  each of  these  four 
levels. 

SUBJECTIVE  TESTING 

Preliminary  Test 

The  purpose of  a preliminary  test  using  Company  subjects 
was  to  ensure  that  good  test  results  could  be  expected  during 
the  paired  comparison  tests  at  the  college  site.  Therefore, 
the  final  test  tape,  in  the  format to be  used on  the  student 
subjects,  was  played  to  a  group  of  in-house  subjects,  and  the 
results  were  analyzed. 

The  following  instructions  were  both  read  and  provided  to 
each  listener  in  writing  prior  to  his  partaking  in  the  test: 

"The  purpose of  these  tests  is  to  determine  the  relative 
acceptability  of  different  sounds.  The  tests  are  part  of  a 
program  of  research  designed  to  obtain  information  that  would 
be  of  aid  in  planning  for  future  aircraft. 

"YOU will  hear, on the  recording  to  follow,  one  sound  fol- 
lowed  immediately  by  a  second  sound.  You  are to judge  which 
of  the  two  sounds you think  would  be  the  most  disturbing  if 
heard  regularly,  as  a  matter  of  course, 2 0  to 30 times  per  day 
in  your  home. If  you think  the  first of  the  two  sounds  would 
be  more  disturbing,  put  a  check  mark  in  the  first  box  after 
the  number  announced  before  each  pair of sounds ( 0 1. 
If  you think  that  the  second of  the  two  sounds  would  be  more 
disturbing,  put  a  check  mark  in  the  second  box ( 0 1 . 
If you think  they  would  be  equally  disturbing,  please  make  a 
choice  even  though  you  feel  you  are  guessing. 

"Remember,  your  job  is  to  judge  the  relative  unwantedness  of 
the  two  sounds.  You  may  think  that  neither  of  the  two  sounds 
is  objectionable,  or  that  both  are  objectionable:  what  we  would 
like you to do is  judge  which  sound  would  be  more  disturbing 
than  the  other  if  heard  in  your  home  periodically 20 to 30 times 
during  the  day  and  night. 

"Please  record  your  answers  according to how  the  sounds 
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a f f e c t  you - t h e r e   a r e  no r i g h t  or wrong answers,  and it i s  
important   that  we  f i n d   o u t  how people   d i f fe r ,  i f  they do., i n  
t h e i r  judgments  of t hese  sounds. I t  does  not  matter  whether 
your   answers   agree  or   disagree  with  others   taking  this  test  
as   long   as  you make t h e  best judgment you can  for  each  pair   of 
sounds. I' 

The design  of a survey  form i s  an  important   par t   of   the  
t o t a l   p r e s e n t a t i o n  t o  a t e s t  subject.  Improperly  designed  forms 
can  lead t o  problems  with  respect t o  confusing a tes t  sub jec t  
or, even w o r s e ,  biasing  the  answers  through  choice  of  wording 
or physical  layout.   Figure 9 shows t h e  form  used. 

Subjective  Testing 

Since t h e  acoustical   environment  in which t h e  tests w e r e  
conducted formed a very  important   par t   of   the   subject ive  aspects  
in  this  psycho-acoustical   experiment,  it was necessary  to   ensure 
t h a t   t h e  room contemplated  for  use  in  the t e s t  d id   no t   exh ib i t  
any undes i r ab le   acous t i ca l   qua l i t i e s .  The chosen room approx- 
imated a good acous t i ca l  tes t  environment  due t o  t h e  presence 
of a c o u s t i c a l   c e i l i n g  t i l e ,  wall-to-wall  carpeting,  heavy wooden 
doors  and  thick  glass windows. The room  was air-conditioned. 

The sound  reproducing  system  for t h e  f i n a l  t e s t s  cons is ted  
of a tape  playback  unit.whose  output was shaped  with t h e  one- 
th i rd   oc tave  band e q u a l i z e r   t o  compensate for   sys tems  l inear i ty  
and room acous t ics .  T h i s  shaped  spectrum  signal was then 
amplified and fed t o  t h e  speaker  facing  the t e s t  subjec ts .  
(See Figure  10.) 

Since  the  noises  produced from the  large  speaker  and heard 
by  the t e s t  sub jec t s  w e r e  t o  be re - recorded   for   l a te r   cor re la -  
t i o n   s t u d i e s ,  a microphone was placed  near  the  center  of  the 
room and ins ide   the   acous t ica l ly   acceptab le   a rea .  The micro- 
phone s igna l ,   t ape   r eco rded   fo r   l a t e r   de t a i l ed   l abo ra to ry   ana l -  
y s i s ,  was a l so   mon i to red   du r ing   t he   en t i r e   t e s t ing   w i th   an   oc t ave  
band  spectrum  analyzer  and  graphic  level  recorder.  Absolute 
sound l e v e l   c a l i b r a t i o n s  w e r e  performed  with  the  aid  of a p i s ton  
phone before and af te r   each  t e s t  t o  check the  performance  of a l l  
instruments,   and,  as a double  check  on the  graphic  and  magnetic 
recording  system,  an  independent sound l e v e l  meter was employed 
during a l l  t es t s  t o  check   overa l l   l eve ls .  

The equipment i n   t h e  tes t  room  was arranged so t h a t   t h e  
t es t  subjec ts   faced   the   speaker   in  one corner   of   the  room. 
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NAS-7083 TEST I1 S E R I E S  SUB J . 
FOR EACH PAIR CHECK WHICH SOUND YOU THINK I S  MORE DISTURBING. 

P a i r  
N o .  - " 1st 2nd 

1 D O  

2 a n  
3 n u  
4 o n  
5 n o  
6 n o  
7 n n  
8 n o  
9 0 0  

10 n u  
11 o n  
12 n o  
13 o n  
14 n u  
15 n o  
16 0 0  

18 n o  
19 o n  
20 o n  
21 u n  
22 o n  
23 0 0  

24 D O  

2 5  o c l  
2 6  o n  
27 n o  
28 n o  
29 n o  
30 n u  
31 0 0  

32 " o n  

". . 

P a i r  
.~ " "  

- No. 1st 2nd 
" 

33 0 0  
34 O D  

35 0 0  
36 o n  
37 n o  
38 u n  
39 a n  
40 O n  

41 o n  
42 o n  
43 n u  
44 n o  
45 n o  
46 n n  
47 D O  

48 u n  

F i g u r e  9. Test Form. 
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Figure  10. Sub jec t ive  Test Sound Reproducing  Equipment. 
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To prevent  undue  distractions,  the  playback  and  record  instru- 
mentation  was  placed at the  rear of the  room.  Figure 11 pre- 
sents  views  from  the  rear  and  the  front of the  room,  respec- 
tively. 

The  test  procedure  used at the  college  was  identical  with 
that  administered  previously  in  the  laboratory  with  Company 
subjects.  Instructions  were  given  and  the  tests  supervised  by 
a  qualified  experimental  psychologist to ensure  the  proper 
conduct of the  test. 

EVALUATION OF RESULTS 

Comparison of Jet Airplane  with  Future  V/STOL  Aircraft 

Acoustic  data  analysis. - The  recordings  made  during  the 
subjective  testing  were  analyzed  into  octave  bands.  An  exact 
matching  of  simulated  and  predicted  aircraft  spectra  was  not 
achieved,  probably  due to sound  absorption of test  subjects. 
However,  since  the 5 0  percent  point  from  the  subjective  response 
curves  is of primary  interest  to  the  objectives  of  this  study, 
the  only  concern  was  that  the  test  sound  levels  were  to  be 
distributed  about  this  point  (see  Figure 12). 

Subjective  data  analysis. - Of  the  total  subjects  exposed 
to  the  paired  comparison test, 8 2  of  the  male  college  students 
were  considered  valid  test  subjects. The  Chi  square  test  was 
used  to  perform  a  statistical  analysis  of  the  relative  homo- 
geneity of the  larger  test  groups  with  respect  to  the  number 
of  times  the  stimulus  was  judged  more  annoying  than  the  reference 
for  all  four  levels  of  intensity  (loudness).  This  analysis  was 
done  for  both  procedures, i.e., reference  first,  stimulus  second, 
and  stimulus  first,  reference  second,  making  a  total  of  24 
analyses. In  all  cases,  the  Chi  squares  were  not  statistically 
significant ( P , . 0 5 ) ,  indicating  that  the  smaller  groups  tested 
could  legitimately  be  combined  into  one  group  and  the  data 
treated as  a  whole.  Subsequent  analyses  were  therefore  carried 
out  using  the  combined  total  group (N = 821.  

The  response  of  the  homogeneous  group  was  separated  accord- 
ing to the  position of the  reference  sound  in  each of the  pairs 
used  in  the  comparison  test.  The  effect of the  relative  position 
of sound  in  a  given  sequence  is  discussed  in  Appendix C. Since 
the  direction  and  magnitude  of  the  subjective  shift  in  rating 
scale  can be predicted  only  qualitatively  for  a  given t e s t  
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situation,  the  effect  was  kept  separate  throughout  the  analysis 
to determine  the  comparative  perceived  noise  level  of  each  air- 
craft  sound. 

'Derivation  of  comparative  peak  PNdb. - The percentage  of 
test  subjects  who  thought  that  a  stimulus  was  more  disturbing 
than  the  jet  reference  is  presented  along  with  the  corresponding 
peak  perceived  noise  level  measured  in  the  test  room.  Appendix 
D is the  result of this  correlation. 

While  a  determination  of  the  indoor  comparative  peak  per- 
.ceived  noise  level  is  primarily  of  psycho-acoustical  interest, 
the  results  of  this  study  applied  to  the  predicted  outdoors 
sounds  are  of  much  more  practical  interest  to  the  aircraft  de- 
signer  and  operator.  The  distinction  between  a  test  where  out- 
door  subjects  listen  to  and  rate  outdoor  sounds  and  this  in- 
vestigation  should,  however,  be  retained.  The  prime  differences 
are  that  it  will  be  the  aircraft  external  noise  levels  which 
are  amenable  to  more  accurate  prediction  methods  than  people's 
responses  to  them,  and  that  it  is  the  reaction  of  people  inside 
a  dwelling  which  will  evoke  a  more  meaningful  and  important 
response  than  that  from  out-of-door  listeners. 

Hence,  it  is  of  quite  some  importance  to  know  the  relative 
annoyance  of  different  types  of  aircraft  noise  including  that 
of  the  jet  reference  based  on  out-of-door  criteria.  Therefore, 
the  response  of  indoor  listeners  to  an  out-of-door  sound, 
simulated as it  would  be  heard  indoors,  is  used  to  predict  the 
relative  annoyance of the  various V/STOL aircraft  in  this  study. 

Appendix E illustrates  the  derivation of comparative  peak 
perceived  noise  level  of  the  outdoor  aircraft  sounds  in  this 
study.  The 50 percent  subjective  response  point,  when  termed 
in  peak PNdb,  is  the  comparative  peak  PNdb  of  that  class  of 
aircraft  sounds  represented  by  the  spectra  used  in  this  study 
and is  relative  to  the  jet  aircraft  sound  of  today.  The 
subjective  results  are  summarized  in  Figure  13,  where  a  plus 
and  minus  five  percent  scatter  of  the  subjecti,ve  response  about 
the  midpoint  is  indicated  by  the  cross-hatched  portions of  the 
data. 

Some  Aircraft  Operational  Considerations 

In the  description  of  the  process  of  simulating  aircraft 
noise  spectra  by  apparent  distance  effects, it  was  noted  that 
the  four  levels of each  of  the  twelve  aircraft  sounds  represented 
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a  realistic  noise  level  at  a  particular  distance  from  an  observer. 
The  distance at which  each  aircraft  produces  its  comparative  peak 
perceived  noise  level  is  shown in Figure 14. Part (a) of the 
figure  indicates  that  the  fan  lift VTOL, for  example,  has  to  con- 
duct  terminal  operations  at  a  horizontal  distance  of  approxi- 
mately 2700 feet  from  the  nearest  occupied  dwelling  in  order  not 
to  exceed  its  comparative  peak  PNdb.  Similarly,  in  part (b) of 
the  figure,  the  same  aircraft  when  in  the  cruise  configuration 
has to  maintain  an  altitude  of  1200  feet  above  the  highest  geo- 
graphical  point  of  public  acoustic  sensitivity. 

Some  degree  of  uncertainty  in  the  data  of  Figure 14 is  indi- 
cated  by  the  length of  the  brackets  and  is  derived  from  the  plus 
and  minus  five  percent  subjective  response  scatter  about  the 
midpoint.  The  PNdb  number  next  to  the  brackets  indicates  the 
comparative  perceived  noise  level  of  each  aircraft  type  rated 
subjectively. Also given  are  the  perceived  noise  levels  which 
each  aircraft  type  would  produce  at  specified  distances  if  no 
noise  reduction  techniques  were  applied. 

Specific  Source  Noise  Reduction 

Calculation  procedures. - Substantial  distances  between  air- 
craft and  the  public  are  involved  when an  attempt  is  made  to 
retain  comparative  noise  levels  at  today's  limits  without 
attempting  aircraft  source  noise  control.  To  relieve  these 
constraints  in  order  to  permit  lower  or  closer  operation,  it 
is  clear  that  the  results of this  study  can  be  used  to  form  a 
guideline  for  areas  and  amount of noise  reduction  required  by 
application of the  following  procedures: 

1. 

2. 

3 .  

4 .  

5. 

6. 

Set  target  altitudes  (or  distances) 

Calculate  PNdb  predicted  at  these  altitudes 
(or  distances) 

Subtract  comparative  PNdb  from  item  2  to  deter- 
mine  the  perceived  noise  level  reduction  required 

Examine  sound  spectrum  of  each  component  to  de- 
termine  its  effect on perceived  noise  level 

Successively  reduce  the  predominant  source  until 
a  different  source  becomes  primary  in  setting 
perceived  noise  level 

Repeat  until  the  desired  PNdb  is  attained 
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Noise  reduction  requirements. - Each  vehicle  was  examined 
for  two  altitudes  (1000  feet  and 500 feet)  in  cruise,  and  for 
two  horizontal  distances (500 feet  and 200 feet)  in  the  terminal 
phase  of  operation. In each  case,  the  first  number  probably 
represents  a  feasible  requirement  and  the  second an optimistic 
target  which  should  more  than  satisfy  minimum  demands.  Table  I 
presents  the  result  of  this  analysis  for  each  aircraft  and  the 
distances  at  which  operation  is  desired.  The  following  comments 
are  made  relative  to  the  noise  reduction  requirements  shown  in 
Table I. 

Terminal  noise. 

Inlet noise. - During  terminal  operation,  the  fan  lift 
type  of  VTOL  aircraft  requires  a 25 to 35 decibel  reduction 
in  cruise  engine  intake  noise,  depending  on  whether  the 
aircraft  is 500 or 200 feet  away  from  a  noise  sensitive 
area.  The  decibel  figures  represent  a  reduction  of  radiated 
sound  of  up  to 98 percent.  It  is  clear  that  these  are 
substantial  amounts  and  could  only  be  met  with  extreme 
technological  efforts.  An  even  greater  requirement  in 
this  area  is  posed  by  the  jet  lift  type  of  VTOL  aircraft, 
which  requires  a 30 to 4 0  decibel  reduction  or  attenuation 
of  far-field  inlet  noise.  The  remaining  V/STOL  aircraft 
types  have  a  somewhat  less  severe  demand  in  this  area, 
but  will  nevertheless  prove  difficult  to  adapt  to  the  pro- 
posed  requirements.  The  lift  fan  and  gas  generator  intake 
noise  problems of the  fan  lift VTOL aircraft  will  certainly 
benefit  from  noise  reduction  techniques  applicable  to 
cruise  engine  inlets  in  general. 

Exhaust  noise. - The  other  cruise  engine  noise  source 
requiring  reduction  is  the  exhaust.  Relatively  minor  noise 
reduction  figures  have  been  achieved  to  date  compared  to 
the  potential  of  reducing  the  inlet  noise.  The  most  effec- 
tive  methods  of  diminishing  the  broad-band  frequency  acous- 
tic  radiation  levels  are  to  lower  the  temperature  of  the 
exhaust  gases  and/or  their  velocities,  steps  which  usually 
impose  unacceptable  efficiencies  on  this  type of propulsion 
system.  The  use  of  by-pass  types  of  powerplants  tends  not 
only  to  result  in  increased  thrusts  compared  to  straight 
jets,  but  also  a  lowering  of  the  mean  jet  velocities  and 
gradients  with  respect  to  ambient  air.  The  reduction  of 
these  velocities  also  results  in  appreciable  exhaust  noise 
reductions.  Whereas  these  techniques  have  already  been 
assumed  in  the  V/STOL  aircraft  designs  in  this  study, 
further  exhaust  noise  reductions  of 5 and  10  decibels  of 
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TABLE I 

COMPONENT NOISE FU3DUCTION REQUIRED 
TO  OPERATE AT SPECIFIED  DISTANCES AND ALTITUDES 

WITHOUT  EXCEEDING COMPARATIVE: PEAK PERCEIVED  NOISE  LEVEL 

Part a: T e r m i n a l  

- 
T a r g e t   D i s t a n c e :   5 0 0 ( 2 0 0 )   F t  

A i r c r a f t   C l a s s  

Fan L i f t  Tandem Rotor  R ig id   Ro to r  T u r b o f a n   T i l t  wing J e t   L i f t  

Noise component VTOL VTOL  VTOL ( N O  Bang) VTOL  STOL VTOL 
Reaui red   Decibe l   Reduct ion  

C r u i s e   E n g i n e  
I n t a k e  
Primary  Exhaust  

3 0 ( 4 0 )  2 5 ( 3 5 ) *  

15   (20 )   10 i20 )   Def l ec t ed   Exhaus t  
By-Pass  Exhaust 

1 5   ( 3 0 )  1 5 ( 3 0 )  1 5 ( 3 0 )  15   (30)  

10   (15)  
5 ( 1 5 )  

L i f t   E n g i n e  
I n t a k e   3 0 ( 4 0 )  
P r imary   Exhaus t   15 (25)  
By-Pass  Exhaust  10  (20) 

Gas  Generator 
I n t a k e  I 2 0 ( 3 5 )  I 

C o n t r o l   N o z z l e  
E x h a u s t   1 5 ( 2 5 )  

L i f t  Fan  28 (40)  

* The f i r s t  number r e f e r s   t o   r e d u c t i o n s   r e q u i r e d   f o r   5 0 0 - f o o t   o p e r a t i o n .  The  number i n   p a r e n t h e s e s   r e f e r s  
t o .   200- foo t   ope ra t ion .  

Pa r t  b: Cru i se  

T a r g e t   A l t i t u d e :  lOOO(500) F t  

A i r c r a f t   C l a s s  

Fan/Je t  I T i l t  Wins 1 Turbofan  I R i q i d   R o t o r  I Tandem Rotor  1 Tandem Rotor  
Noise  Component STOL I “JTOL 1 VTOL (Bang) 1 VTOL ( N o  Bang) L i f t  VTOL I VTOL 

Reau i red   Dec ibe l   Reduc t ion  

C r u i s e   E n g i n e  
I n t a k e  2 ( 1 4 ) *  

P r o p e l l e r  
R o t a t i o n a l  
Vor tex  

Rotor  

Vor tex  
R o t a t i o n a l  

Blade Bang 

* The f i r s t  number r e f e r s   t o   r e d u c t i o n s   r e q u i r e d   f o r   1 0 0 0 - f o o t   c r u i s e   a l t i t u d e   o p e r a t i o n .  
The  number i n   p a r e n t h e s e s   r e f e r s  t o  5 0 0 - f o o t   o p e r a t i o n .  
I 

~ - ~ I 
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the  primary  and  by-pass  exhausts  of  the  turbofan  STOL  are 
necessary to permit  operation  within  reasonable  distances. 
Both of  these  figures  need to be  raised to 15 decibels  for 
200 foot  terminal  operation. 

While  the  5  to 10 decibel  reduction  requirements  are 
probably  feasible  today  and  could  thus ,make  the  turbofan 
STOL  aircraft  acceptable,  reductions on the  order  of  15  to 
25 decibels  necessary  for  several  other  V/STOL  aircraft 
types  are  quite  demanding.  Reductions in noise  level  of 
deflected  cruise  engine  exhausts  represent  a  significant 
design  challenge  in  view  of  the  complex  mechanisms  in- 
volved.  The  primary  and  by-pass  exhausts of the  jet  lift 
VTOL  lifting  engines  will  pose  one  of  the  greater  problems 
in  terms  of  fundamental  noise  control  techniques. 

Propellers  and  rotors. - In other  areas  of  V/STOL  air- 
craft  noise  control,  the  problems  of  propeller  and  rotor 
noise  appear.  Tilt  wing  rotational  and  vortex  propeller 
noise  will  have  to  be  reduced  at  least 15 decibels  to  per- 
mit  hover  operations  during  terminal  approach  and  departure, 
even  at 500 feet  distance.  The  requirements  for 200 foot 
operation  are  even  more  severe,  from 2 0  decibels  of  vortex 
noise  reduction  to 25 decibels  for  the  discrete  frequency 
rotational  noise.  Other  problems  may  yet  arise  in  the 
area  of  effects  on  noise  from  propeller  overlap,  disc  to 
disc  gap,  and  ground  effects. 

Helicopter  rotor  noise  is  generally  not  predictable 
by  application  of  the  methods  which  work  well  for  propeller 
noise.  Although  research  in  the  area  of  rotor  noise  has 
recently  become  more  active,  reductions  of  the  order of 
magnitude  shown  in  Table I are  yet  to  be  demonstrated. 

The  torque  compensating  tail  rotor  of  helicopters  with 
a  single  rigid  rotor  requires  a  15-decibel  reduction  in 
noise.  Another  10-decibel  reduction  for  each  component 
would  be  required  for 200 foot  operation.  Since  single 
rotor  helicopters  have  a  generally  larger  main  rotor 
diameter  than  corresponding  tandem  rotor  types,  it  might 
be  concluded  that  with  the  generally  lower  blade  passage 
frequencies of the  former  a  more  benevolent  subjective 
effect  could  be  expected  based  on  the  perceived  noise  level 
curve.  The  experimental  and  analytical  discrepancies  be- 
tween  these  expectations  and  the  data  in  the  required  noise 
reduction  tabulation  are  probably  due  to  the  pulsating 
nature  of  the  blade  passage  noise,  an  effect  which  may 
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tend  to  be  more  annoying  with  lower  repetition  frequency. 

Cruise  noise. 

During low altitude  cruise  operations.,  the  tilt  wing 
type of.VTOL aircraft  as  described  in  this  study  does  not 
require  any  noise  reduction.  This  is  primarily  due  to 
the  relative  subjective  acceptability  of  its  conventional, 
and  rather  well  known,  propeller  type  of  noise.  The 
reduction  of  blade  tip  speed  from  850  to  500  feet  per 
second  is  apparently  quite  sufficient to  make  this  air- 
craft  acceptable  even  at  a  500-foot  altitude. A related 
configuration,  the  rigid  rotor  VTOL  that  becomes  a  con- 
ventional  propeller  airplane  in  cruise,  requires  a  5- 
to  7-decibel  reduction  in  propeller  rotational  and  vortex 
noise  for  fly-over  operation  at 1000 feet,  and  corre- 
spondingly 10 to  15  decibels  for  500  foot  operation. In 
addition,  depending  on  the  desired  target  altitude,  engine 
inlet  noise  has  to  be  reduced 10 to 18 decibels. The 
propeller  noise  reduction  requirement  could  probably  be 
lowered  if  the  blade  tip  speed  were  reduced;  also,  more 
favorable  engine  location  might  yield  a  relatively  simple 
solution  to  the  inlet  noise  problem.  Inlet  noises  from  the 
other  configurations  need  serious  attention  only  if  cruise 
operation  at  a  500-foot  altitude  is  required.  The  require- 
ments  are,  however,  not so restrictive  that  whatever  feasible 
solutions  are  offered  for  the  corresponding  terminal  noise 
situation  could  not  be  applied  here  also. 

Reduction of tandem  rotor  helicopter  blade  rotational 
and  vortex  noise  by 5 decibels  each  would  permit  operation 
at  1000-foot  altitude.  The  banging  tandem  rotor  helicopter 
has to be  transformed  into  a  nonbanging  rotor  VTOL  aircraft. 
This  can be  achieved  by  appropriate  blade  pitch  controls 
and  will  thus  be  able  to  meet  the  noise  reduction  require- 
ment  of 10 decibels  for  both  1000-  and  500-foot  operation. 

The  information  derived  for  each  vehicle  can  thus  serve  as 
the  guideline  for  required  research  into  future  noise  reduction 
along  with  the  amount  of  noise  reduction  for  each  component. 
If  operations  at  the  specified  target  distances  require  un- 
realizable  amounts  of  component  noise  reductions,  other  measures 
must  be  used.  These  may  include  such  techniques as decreasing 
noise  exposure  time  by  improved  instrumentation  and  operational 
procedures  which  permit  the  aircraft  to  load  and  unload  passengers 
faster. 
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Other  Noise  Rating  Methods 

dBC  and  dBA  levels. - The  frequency-weighted  electronic 
networks  labeled C and A scale on most  sound  level  meters  were 
used to  measure  the  indoor  simulated  noises  during  subjective 
testing.  The  C  network I s  essentially  flat  over  the  audio 
range  while  the A network  more  closely  simulates  the  responses 
of  the  human ear. Figure  15  indicates  the  difference  in 
decibels  between  the  stimulii  and  the  jet  reference  when  these 
weighting  methods  are  applied  to  the  stimulii.  Based on the 
average of the  difference  between  the  stimulus and.the reference, 
and  the  standard  deviation of this  average  of  each  rating 
method,  the  db  A  and C scales do not  correlate  as  well  as  PNdb. 

Tone  and .- . duration  corrections. - There  is  general  agreement 
among  acoustical  researchers  that  a  noise  rating  method  which 
accounts  for  discrete  tones  and  sound  duration  is  required. 
The  extent  of  the  corrections,  however,  has  not  been  recognized 
as  definitive or absolutely  applicable  by  enough  authoritative 
agencies or groups  to  conclude  that  any  particular  correction 
method  published  to  date  will  be  acceptable  to  the  majority 
of  noise-conscious  control  bodies.  Still,  it  was  felt  desirable 
to  obtain  a  magnitude  estimation  of  tone  and  duration  correc- 
tions  for  the  particular  sounds  in  this  study.  Therefore,  the 
method  of  determining  the  corrections  for  this  example  was 
adopted  from  "Proposed  FAA  Maximum  Allowable  Noise  Levels to 
be  Required  for  Certification  of  Future  Aircraft;"  dated 
26 August 1966. 

In the  proposed  requirements,  it  is  stated  that,  to  account 
for  effects of duration,  a  factor D be  defined  as  ten  times  the 
logarithm  of  the  ratio of  the  duration  of  a  sound  to  be  evaluated 
to  the  reference  duration  time  of  a  standard  jet  noise,  the 
latter  defined  as  15  seconds.  The  duration  of  the  sound to be 
compared  is  based  on  the  length  of  time  it  takes  for  the  sound 
to build  up  from  15  decibels  before  it  reaches  its  peak  per- 
ceived  noise  level  to  15  decibels  after  the  peak  has  been 
attained.  The  factor D is to  be  added  to  the  peak  perceived 
noise  level  as  computed  conventionally  from  a  third-octave  band 
analysis  of  the  test  sound. It  is  clear,  then,  that  a  sound 
which  lasts  longer  than  the  reference  jet  will  be  assigned  a 
higher  PNdb  rating,  and  a  sound  lasting  less  time  will  have  a 
lower  PNdb  number  assigned  to  it.  Termed  somewhat  differently, 
a  penalty of  3db  will  be  added  for  each  doubling  of  time  above 
15  seconds,  and  a  credit of 3db  will  be  subtracted  for  each 
halving  of time. 
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A pure  tone  correction  factor  is  also  proposed  and  is  de- 
rived  experimentally  using  test  subjects in a  procedure  like 
the  one  used to originally  derive  the  perceived  noise  data. 
The  pure tone.~correction is  made  to  account  for  .the  fact  that 
a  random  noi.se  containing  discrete  frequency or  pure  tones, 
such as engine  inlet  noise,  is  more  objectionable  to  a  listener 
than  a  broad-band  noise,  such  as  jet  exhaust  noise,  even  when 
both  types of sound  result  in  the  same  measured  PNdb  value. 

No effort  was  made  during  this  study  to  have  the  V/STOL 
aircraft  meet  the  proposed  FAA  criteria,  primarily  because 
the  criteria as written  is  not  directly  applicable  to  V/STOL's. 
Also, the  effort  would  have  been  outside  the  scope of this 
investigation.  Several  interesting  results  emerge,  however, 
when  the  correction  factors  are  applied  to  V/STOL  aircraft 
sounds.  In  Figure 15, which  compares  several  rating  methods, 
the  jet  reference  sound  of  this  study  was  used  as  the  standard 
and  the  sounds to  be  compared  were  the  six  terminal  operation 
noises  and  the  six  cruise  noises. For  each  rating  method  used, 
the  characteristics  of  the  standard  jet  sound  were  first  de- 
termined  and  formed  the  basis  for  comparing  the  other  sounds. 
For  example,  the  rating  method  identified as "Peak  PNdb - 
Duration  Corrected"  was  based  on  the  factor  D as described 
before,  using  the  duration  of  the  standard  sound  (in  this  case, 
17 seconds)  to  determine  the  amount  of  deviation  in  computed 
decibel  levels  between  the  comparison  and  standard  sounds. 
This  difference,  sometimes  positive,  sometimes  negative,  depended 
on which  aircraft  sound  was  being  compared.  The  differences 
between  the  standard  and  each of  the  twelve  V/STOL  aircraft 
sounds  is  plotted  in  Figure 15. The  average  difference  between 
the  standard  noise  and  the  V/STOL  terminal  noise,  cruise  noise, 
and  combined  terminal  and  cruise  noise,  along  with  their  standard 
deviation  from  the  average  difference,  is  shown  in  the  tables 
accompanying  Figure 15. 

Although  the  statistical  evaluation  on  Figure 15 does  not 
show  any  greatly  significant  effects  of  the  corrections,  this 
is  not  necessarily  true  for  individual  cases.  In  fact,  these 
corrections  can  only  be  evaluated  for  those  specific  cases  to 
which  corrections  apply.  Since  the  cruise  operation  involves 
elapsed  times  close  to 15 seconds, no correction  is  evident. 
The  terminal  operation,  however,  involves  substantially  longer 
times,  and an improvement  in  correlation,  due  to  inclusion of 
duration  correction,  is  noted  in  all  cases. 

In order  to  minimize  the  time  duration  penalty,  it  seems 
appropriate  to  investigate  every  aspect  relating  to  the  duration 
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of  an  aircraft  noise  and  its  cause.  Among  these  are:  reduced 
terminal  operating  procedures  for  passenger  and  cargo  handling 
for  shorter  turn-around  times;  faster  propulsion  system  response 
to  obtaih  safe  flight  status  after  ground-idle; or even  improved 
cockpit  instrument  displays  to  faci1,itate  check-out  by  the  pilot 
during  the  critical  flight  path  portions of landing  and  takeoff 
of  any  aircraft,  but  especially  V/STOL  aircraft. 

Pure  tone  components  are  most  strongly  evident  during 
terminal  operations  of  the  fan  lift,  jet  lift,  and  turbofan 
STOL  aircraft.  In  these  cases,  a  significant  improvement  in 
correlation  is  indicated  by  inclusion of  the  pure  tone  correc- 
tion  factor. 

CONCLUSIONS 

The  success  of  commercial  V/STOL  aircraft  short-haul 
transportation  for  the 1970's is  considerably  dependent  on 
public  acceptance of  the  noise  generated  during  terminal  and 
cruise  operational  phases  of  aircraft  flight  (see  also  reference 
16).  Some  V/STOL  aircraft  configurations  exhibit  better  acous- 
tical  characteristics  than  others  due  to  inherent  differences 
in  design  configuration  and  propulsion  systems  (see  Figure 13). 
The  quantitative  guidelines  for  the  evaluation  of  public  re- 
action  to  the  noise  of  these  configurations  were  established 
based on  correlation  of  both  subjective  and  objective  measure- 
ments  of  predicted  and  electronically  synthesized  aircraft 
sounds. 

Figure  16a  illustrates  the  distance  required  for  each  type 
of  V/STOL  aircraft  studied  during  terminal  operations  and  the 
nearest  occupied  buildings  which  would  be  a  part  of  the  noise 
conscious  community.  The  distances  assume  the  aircraft  will 
not  exceed  the  outdoor  comparative  peak  perceived  noise  level 
as  determined  by  this  study. A certain  amount  of  scatter  is 
indicated  by  the  length of  the  cross-hatched  portions  at  the 
end  of  each  column.  The  scatter  is  defined  in  terms of  dis- 
tances  based  on  a  plus  and  minus  five  percent  subjective  scatter 
about  the 50 percent  midpoint  determined  in  this  study  and 
referred  to  as  the  comparative  peak  PNdb.  Similarly,  Figure 
16b  applies  to  the  altitudes  which  the  aircraft  must  maintain 
in  cruise  above  populated  buildings so as not  to  exceed  the 
comparative  peak  PNdb.  It  should  be  noted  that  the  distances 
and  altitudes  are  illustrative  of  the  restrictions  which  may 
be  imposed  on  aircraft  operations  if no energetic  efforts  are 
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made  to  reduce  the  acoustical  noise  levels  emanating  from  the 
aircraft. 

Critical  analyses of.the noises  produced  by  propulsion 
system  components,  and  the  anticipated  practical  aircraft 
operational'requirements, yield  the  noise  reduction  required 
to  meet  public  noise  exposure  criteria  (see  Figure 17). These 
criteria  are  based on an  annoyance  comparable  to  that  produced 
by current  jet  transports.  Several  components  were  revealed 
by  this  study  to  consistently  require  a  great  amount  of  noise 
level  reduction  or  control:  engine  intakes  and  exhausts, 
fans,  propellers,  and  helicopter  rotors.  Designers  of V/STOL 
aircraft  must  recognize  and  deal  effectively  with  these  major 
sources  of  noise  in  order  to  ensure  their  public  acceptability. 

Paired  comparison  testing  is  an  effective  means of elicit- 
ing  subjective  reaction  to  sounds of similar  characteristics. 
The  ease of scoring  and  the  built-in  checks  for  consistency 
of  results  aid  in  the  evaluation  and  usefulness  of  the  sub- 
jective  test  data  and  are  amenable  to  mathematical  analysis. 
The  degree  of  success  in  predicting  subjective  public  reaction 
to  future V/STOL aircraft  noise  depends  greatly on the  quality 
and  accuracy of the test  sounds  which  are  presented. The 
quality  of  the  sounds,  in turn, can  only be as good as the 
analytical  predictions.  The  acoustical  characteristics  of 
production  aircraft  will  probably  differ  somewhat  from  those 
of  the  studied  configurations,  but will  nevertheless be 
represented  by  the  sounds  used  in  this  program. 
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AIRCRAFT  DESIGN  ANALYSIS 

The f a n   l i f t  VTOL (Figure 18) employs t w o  l i f t i n g   f a n s   i n  
t h e  wing driven  by  four  independent  gas  generators t o  provide 
powered l i f t .  The gas  generators  are mounted on top   of  the 
fuselage and the i r   exhaus t s  are cross-ducted t o  the fans  for 
safe ty .  Hover c o n t r o l  is achieved  through  the  use O f  b id i rec-  
t i ona l   r eac t ion   con t ro l   nozz le s  a t  the a i r p l a n e  extremeties. 
A i r  i s  supp l i ed   t o  the nozzles  by  turbocompressors  which are 
driven  by bleed a i r  from the  gas  generator  exhaust.   In  addi- 
t i o n ,  the thrus t   o f   tu rbofan   c ru ise   engines  is de f l ec t ed  down- 
ward a t   t a k e o f f   t o   p r o v i d e  added l i f t .  

To achieve  forward  f l ight,  more o f   t he   c ru i se   eng ine   t h rus t  
is  deflected  rearward. The r e s u l t i n g  loss o f   v e r t i c a l   l i f t  
from the engines i s  of f -se t   by  the gain  of  wing  aerodynamic 
l i f t  as forward  speed  increases. When su f f i c i en t   a i r speed  is 
a t t a i n e d  t o  support  the a i r c r a f t  by  conventional  aerodynamic 
means, t h e   l i f t i n g  and hover   control  mechanisms are shut  down 
wi th   t he   a i r c ra f t   p roceed ing  as a conventional  two-engine, 
fixed-wing  turbofan  vehicle. 

The je t  l i f t   d e s i g n   ( F i g u r e  19) u t i l i z e s  a r e l a t i v e l y   l a r g e  
number of   engines   for   reasons  of   safety and cont ro l .   F ive  l i f t  
turbofan  engines are i n s t a l l e d   v e r t i c a l l y   i n  each o f   t he  pods 
mounted a t  t h e  t ips  of the forward  swept  wing. These t e n   l i f t  
engines ,   together   with the downward def lec ted   th rus t   o f   the  
four   turbofan  cruise   engines  mounted a t  the a f t  end of the 
fuselage,   provide VTOL l i f t  and control.   Conversion  to  forward 
f l i g h t  i s  accomplished as w i t h   t h e   f a n   l i f t   c o n c e p t .   A f t e r  
suff ic ient   forward  a i rspeed is  a t ta ined   by   c ru ise   engine  vec- 
tored exhaus t   th rus t ,   the  l i f t  engines  are  shut down. 

External  and internal   acoust ical   environments  w e r e  a major 
des ign   cons idera t ion   for   th i s   concept .  The l i f t  engine  by-pass 
ra t io   of   2 .5-was a compromise between  noise  propagation and 
engine   s ize  and weight. The wing t i p   l o c a t i o n  w a s  chosen t o  
g ive  low in te rna l   no ise   l eve ls ,   e l imina te   unfavorable   in te r -  
act ions  of   the   propuls ion and airframe aerodynamics,  and  give 
control  without a separate  reaction  control  system.  These  ad- 
vantages w e r e  fe l t  t o  be more important  than the wing weight 
and l o w  r o l l   i n e r t i a   i n h e r e n t   i n  a €uselage mounted design. 
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Figure 18. Fan L i f t  Configuration. 
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Figure 19. Je t  Lif t   Configurat ion.  
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The tilt wing VTOL a i r c ra f t   (F igu re  20) has four   p rope l le rs  
and four  turboshaft   engines which are  coupled  by  interconnecting 
shaf t ing.  One of the fea tu res   des i r ab le  from the  noise  view 
poin t  is the  absence  of  the t a i l   r o to r   no rma l ly   u sed   t o   p rov ide  
p i tch   cont ro l .   This  is accomplished  by  monocyclic  (single- 
ax is -cyc l ic )   cont ro l   o f   the   p rope l le rs .  The r e l a t i v e l y  low t i p  
speed  of 850 feet per   second  a lso  contr ibutes   to  a favorable 
acoustical  environment. 

In   c ru i se  the ver t ica l ly-or ien ted ,  wing-mounted engines 
and the p rope l l e r s  are t i l t e d  forward  along  with  the wing. 
Since the propel lers   are   designed  for  a high f igure   o f  merit 
in   hover ,  the b lade   t i p   speed   i n  low a l t i t u d e   c r u i s e  is lowered 
t o  500 feet per  second, w h i c h  is another good noise   fea ture .  

While the concepts described so fa r   a re   des igned   for  VTOL 
operat ion,   they  could,  i n  an  emergency or  overload  condition, 
be operated i n  t h e  STOL mode. The tu rbofan   a i r c ra f t   o f  this 
study,  however, i s  a pure STOL configuration  (Figure 21) w h i c h  
ob ta ins  i ts  shor t  f i e ld  capab i l i t y  by  use  of a powerful high 
l i f t  wing f lap  system  rather   than  by the i n s t a l l a t i o n   o f   e x t r a  
l i f t   d e v i c e s   t o   p r o v i d e   v e r t i c a l  l i f t .  Exhaust  gas from the 
cruise   engines  i s  d i rec ted   over   the   doubles lo t ted   t ra i l ing  
edge f l a p s   t o   p r o v i d e  boundary  layer  control and t h r u s t  redirec- 
t ion .  O t h e r  than these features, the a i rp l ane  is  very conven- 
t iona l   in   appearance  and operation. 

T h e  r i g i d   r o t o r  VTOL a i r c ra f t   (F igu re  22) has  a s i n g l e  
three-bladed main ro to r  and a n   a n t i t o r q u e   t a i l   r o t o r   f o r  VTOL 
operation. I n  c r u i s e  the ro to r  i s  unloaded  by the aerodynamic 
action  of  the  wings,   folded, and  stowed in to   t he   t op   s ec t ion  
of the fuselage.  Forward t h r u s t  is  then  provided  by two con- 
ven t iona l   p rope l l e r s  mounted on the wings. The propulsion 
system  consists  of  four  turboshaft   engines  driving the ro to r s  
and propellers  through  individual  overrunning  clutches. Maximum 
r o t o r  and p rope l l e r   t i p   speeds   a r e  800 and 900 feet   per  second, 
respect ively.  The r i g i d   r o t o r   p r i n c i p l e  w i t h  free gyro  control  
phasing i n t o  aerodynamic c o n t r o l   a s  rpm is  reduced  permits 
stopping  of  the  blades i n  f l i gh t   du r ing   t r ans i t i on .  

The tandem r o t o r  VTOL (Figure 23) is a t r i p l e - tu rb ine  
powered he l icopter   des ign  w i t h  four  blades  on each ro tor .  VTOL 
operat ion and con t ro l  is achieved  by  mechanically  art iculated 
ro tors ,   which ,   for   c ru ise   opera t ion ,  are t i l t e d   s l i g h t l y   f o r -  
ward i n  the d i r e c t i o n   o f   f l i g h t .   D i f f e r e n t i a l   c y c l i c   p i t c h   o f  
t h e   r o t o r s  is used f o r   l o n g i t u d i n a l   a t t i t u d e   c o n t r o l ,   l a t e r a l  
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INTERCONNECTED 

Figure 20 .  T i l t  Wing Configuration. 
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Figure 21. Turbofan STOL Configuration. 
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Figure 22 .  Rigid  Rotor  Configuration. 
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c y c l i c   f o r  roll c o n t r o l ,  and d i f f e r e n t i a l  la teral  c y c l i c   f o r  
yaw cont ro l .  

Table I1 lists the major design  parameters for  each  of the 
aircraft descr ibed above. 

Noise Analysis 

Octave-band  sound p res su re   l eve l s  for e a c h   o f   t h e   a i r c r a f t  
were predic ted   for   the   t akeoff  and c r u i s e  mode. Because  of  the 
d i s s imi l a r i t y   i n   p ropu l s ive  mechanisms each a i r c r a f t  employs 
in   t akeof f  as opposed t o   l e v e l   c r u i s e   f l i g h t ,   t h e   r e s u l t i n g  
a c o u s t i c a l   s i g n a t u r e s  may be s t r i k i n g l y   d i f f e r e n t   i n   t h e  two 
operating  regimes  even for the same a i r c r a f t .  

Octave  band  noise   spectra   ini t ia l ly  are p red ic t ed   fo r  an 
observer ' s   pos t  500 f e e t  away from the takeoff   po in t  when t h e  
a i rcraf t  is  i n   t h e  VTOL (STOL)  mode (Figure 241, and f o r  
another   point  2000 f e e t  below t h e   f l i g h t   p a t h  when t h e  aircraft  
is  i n   t h e  cruise configuration  (Figure 25).  The l i n e s  on 
Figures  24 and 25 represent  the  envelopes  of the maximum l e v e l s  
expected  during a complete  transient  noise  condition  (such as 
a fly-over or t akeof f )   w i th   r e spec t   t o  an  observer. The 
spectrum shown does  not  necessarily  occur a t  any  one  instant 
o f  t i m e :  r a t h e r ,  the l e v e l s   i n  the individual   octave  bands 
may v a r y   i n   r e l a t i o n   t o   e a c h   o t h e r  somewhat, bu t  ' w i l l  not  be 
higher   than  indicated  on  the  char ts .  

To s imulate  the a c o u s t i c a l   s i g n a t u r e   o f  a proposed a i r c r a f t  
conf igura t ion   in   be l ievable  and subjec t ive ly   convinc ing   de ta i l ,  
including  spectral   content ,   t ime-ampli tude  var ia t ion,  and 
Doppler s h i f t ,   d e t a i l e d   a n a l y s i s   o f   n o i s e   p r o p e r t i e s  had t o  
be conducted. The fo l lowing   desc r ip t ions   i l l u s t r a t e   t he  methods 
used t o  de r ive  the de ta i led   acous t ica l   s igna tures .  

Fan lift VTOL. - To determine  terminal  noise  (Figure 26), 
the gas   genera tor   in take   no ise  was predicted  according  to  
re ference  5. The spectrum  of  control  nozzle  exhaust was 
predicted  according  to   references 6 and 7 ,  assuming that t h e  
broad band noise  produced  followed the acous t ica l   behavior  
of a jet  based on f low  veloci ty  and geometry.  Cruise  engine 
in take   no ise  w a s  predicted  by  the same method as for the gas  
genera tor   in take   no ise ,   re fe rence  6. Cruise  engine  exhaust 
no ises   in   hover  w e r e  calculated  according  to   references 6 and 
7 ,  taking  proper  account  of the geometry  of  the  deflected 
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TABLE  I1 

GENERAL  AIRCRAFT CHARACTERISTICS 

N o m e n c l a t u r e  
- - 
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_ _ _ ~ . ,  ___ 
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R i g i d  

~~ 

"____ ~- 
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exhausts. The noise   of  the wing-mounted l i f t i n g   f a n s  w a s  pre- 
d ic ted   accord ing   to  a method developed  in  reference 8. 

I n   c r u i s e ,  there are.considerably  fewer  noise  sources  than 
a t  takeoff.  Both  engines e m i t  h igh-frequency  inlet   noise  
( reference 5) and l o w  frequency  broad band jet primary  and by- 

pass  exhaust  noises  (references 6 and 7). Figure 28 shows 
s l i g h t l y   d i f f e r e n t   f r e q u e n c i e s ,  which is  expla ined   in  the 
d iscuss ion   fo l lowing   the-descr ip t ion   of   the  jet  l i f t  VTOL 
spectrum  for   cruise .  

Jet l i f t  VTOL. - In   t e rmina l   no ise   assoc ia ted  w i t h  t h e  je t  
l i f t  VTOL (Figure 27), the l i f t  engine  intake  noise   consis ts  
of  pure  tones  (reference 5 ) .  The primary and  by-pass  exhausts 
(by-pass ratio:  2.5) are centered on 106 and 41 H z ,  respec t ive ly  
(references 6 and 7 ) .  The c ru i se   eng ines ,   a l so   u sed   i n  the 
te rmina l   opera t ion ,  e m i t  high  frequency  tones from t h e   i n l e t  
( reference 51, and broad  band jet exhaust  noise  (references 
6 and 7 )  from the deflected  exhausts.  

In cruise (Figure 28), t h e  f o u r  cruise engines  produce 
in le t   no ise   f requencies   ( re ference  5 ) .  Primary  exhaust 
noise  is broad  band  in  character;   by-pass  exhaust  noise,  some- 
what less noisy and l o w e r  in   f requency,  i s  centered  around 
40 H z  ( re ferences  6 and 7 ) .  

The rat ionale   for   select ing  only  one  spectrum t o  represent  
both  fan l i f t  and j e t  l i f t  VTOL n o i s e s   i n   c r u i s e  was as follows. 
Both aircraf t   are   propel led  by  by-pass   cruise   engines   emit t ing 
inlet- ,   pr imary-  and  by-pass  exhaust  noises. Even though  the 
engines are located  under  the  wings on t h e   f a n   l i f t  and a t  the 
rear of the fuselage on the je t  l i f t ,   t h i s   d i f f e r e n c e   i n   p h y s i -  
c a l   l o c a t i o n   r e s u l t s   i n  a negl ig ib le   acous t ica l   change   in  the 
r a d i a t i o n   f i e l d  w i t h  respec t   to   an   acous t ica l   observer  2000 
feet   below the f l i g h t   p a t h  i f  it is  assumed that the a f t  
mounted jets are reasonably  far  apart .   Furthermore,   even 
though t h e   f a n   l i f t  has two larger   engines  compared t o   t h e  j e t  
l i f t ' s  four smaller ones ,   the   envelope   of   the i r   oc tave  band 
spec t r a  w e r e  s imi l a r  t o  within t w o  decibels i n  most cases. As 
f o r  the s l igh t   d i f fe rences   in   f requency   spec t rum  loca t ion   of  
t h e  maxima of the primary je t  n o i s e s ,   t h i s   d i f f e r e n c e  is  negli- 
g i b l e  as far as perceived  noise   calculat ions are concerned. 
The same ho lds   fo r  the fundamental   tones   of   the   inlet   noises  
on bo th   a i r c ra f t ;   a l t hough   t hese   t ones  are located i n  the most 
sensit ive  region  of  the  frequency  spectrum as f a r  as human 
auditory  response is concerned,  the  difference  between them is  
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small enough t o  evoke the same response,  according t o   t h e   f l a t  
port ion  of  the curve  representing  equal  annoyance as a function 
of   f requency  in   reference 9. 

T i l t  wins VTQL. - The primary  terminal   noise   sources  on 
t h e  tilt wing (Figure 29) a r e  the p rope l l e r s ,  whose acous t i ca l  
c h a r a c t e r i s t i c s  were ca l cu la t ed   acco rd ing   t o   r e f e rences  10 and 
11. The blade  passage  frequency  determines  the  fundamental 
frequency,  with  subsequent  harmonics a t  50 Hz in t e rva l s .  Only 
three harmonics   a re   ind ica ted   in   F igure  29,  wi th  the l i n e  above 
them ou t l in ing  the approximate  envelope  of  higher  harmonics. 
Blade  vortex  noise i s  broad  band i n   c h a r a c t e r  and s i m i l a r   t o  
j e t  exhaust  noise  in  spectrum  shape. The intake  noise   of  the 
gas   turbines  is  represented  by a pure  tone  and some broad  band 
noise.  

In the cru ise   condi t ion   (F igure  301, a l l   n o i s e   f r e q u e n c i e s  
of  importance t o  an   acous t ica l   observer   in  the f a r  f i e l d  are 
d i f f e r e n t  from those   p red ic ted   for  the terminal   condi t ion 
except  for  turbine  whine.  This is  due t o  the r educ t ion   i n  
propel le r  blade t i p  speed  from  850 feet per  second t o  500 
feet per  second,  thereby  placing the fundamental  blade  rota- 
t i ona l   f r equency   a t  30 Hz w i t h  upper  harmonics a t   i n t e r v a l s   o f  
30 Hz. The peak  of the blade  vortex  noise   has  likewise been 
shifted downward. The whine  of the gas   t u rb ine ,  'which is 
operated a t  the optimum rpm during a l l  f l i g h t  modes, has 
changed only sl i g h t   l y  . 

Turbofan STOL. - Predicted te rmina l   no ise   for  the turbofan 
STOL is presented  in   Figure 31. The turbofan  intake  noise  w a s  
p red ic ted   to   have   pure   tones   ( re ference  5 ) .  Turbofan  primary 
and by-pass   exhausts ,   calculated  according  to  references 6 and 
7 ,  resul ted in   spectrum  peaks  being  located  a t  220 and 94 Hz 
respec t ive ly .  

Since there i s  change i n   n e i t h e r  the type  of  powerplants 
nor the number of  noise  producing  components, the c ru i se   no i se  
produced  by the turbofan STOL i s  a lmos t   i den t i ca l   t o  i t s  
terminal   noise  (see Figure 32). However, a s  w i l l  be shown 
l a t e r ,  the amplitude-time  history  of these two acoust ic   events  
is  su f f i c i en t ly   d i f f e ren t   t o   war ran t   i nves t iga t ion   o f   each  
s u b j e c t i v e l y .   I n l e t   n o i s e   i n  cruise  has   pure  tones a t  4400 
and 8800  Hz, with  primary  engine  exhaust  noise  centered  on 
86 Hz, and  by-pass  exhaust  noise on 83 HZ. 

Riqid  rotor  VTOL. - The predicted  terminal   noise   for   the 
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APPENDIX A 

r i g i d  rotor VTOL i s  g iven   in   F igure  33. Main r o t o r  and t a i l  
rotor fundamental   rotat ional   noise   f requencies  are determined 
by  the  blade  passage  frequency  of each wi th   r e spec t   t o   an  
acous t ica l   observer .  The approximate  amplitude  and  frequency 
d i s t r i b u t i o n  of r o t o r   r o t a t i o n a l  and vor tex   no ises  was  derived 
by  reference 11 based  on  propeller  noise  theory,   and  subse- 
q u e n t l y   m o d i f i e d   t o   f i t  the more realistic s p e c t r a l   d i s t r i b u t i o n  
of l a r g e   s i n g l e   r o t o r   h e l i c o p t e r s .   P r o p e l l e r   n o i s e  and s t a t e -  
of- the-ar t   rotor   noise   predict ion  methods  ( references 1 2  through 
15) are unable t o  account for the   ampl i tude   d i s t r ibu t ion  of 
rotat ional   noise   of   harmonic  orders   higher   than  three.  There- 
fore,   modified  in-house  data on  Sikorsky S-61N and S-64 h e l i -  
copters  w e r e  used to   p red ic t   spec t rum  shapes   o f   th i s   l a rge   s in-  
g l e  rotor design. 

The r i g i d   r o t o r   h e l i c o p t e r  i s  conver ted   to  a conventional 
two propel le r   a i rc raf t   in   c ru ise .   Consequent ly ,  the propel le r  
noise  prediction  methods  of  references 10 and 11 w e r e  used t o  
p red ic t   t he   acous t i ca l   cha rac t e r i s t i c s   g iven   i n   F igu re  34. 

Tandem r o t o r  VTOL. - Figure 35 presents   predicted  terminal  
n o i s e   f o r   t h e  tandem r o t o r  VTOL. Tandem ro to r   he l i cop te r   no i se  
d i f f e r s  from s ingle   ro tor   he l icopter   no ise   p r imar i ly   because   o f  
the absence  of  the t a i l   r o t o r  on the  former. A s  w i t h  s i n g l e  
ro to r   he l i cop te r   no i se ,  no comprehensive  noise  prediction method 
e x i s t s  a t  p re sen t   fo r  tandem rotor   noise .   Fundamental   rotat ional  
noise  frequencies  occur a t  i n t e r v a l s  of 1 7  H z .  Blade  vortex 
noise  is predic ted  t o  peak a t  approximately 500 H z  bu t  i s ,  
however,  far  below the l e v e l s  set by  the main r o t o r   r o t a t i o n a l  
noise .   Exis t ing Boeing he l i cop te r   da t a  on the  107 Model I1 
commercial a i r l i n e   h e l i c o p t e r  and t h e   m i l i t a r y  CH-47 tandem 
rotor   types  have  been  used  to   predict   the   acoust ical   noise  
s ignature   of  a tandem rotor  helicopter.   Adjustments  in  spec- 
trum w e r e  made on the basis  of  increased  power,   gross  weight,  
b lade   rad ius ,  and the number of   b lades   per   ro tor .  

There is no change in   conf igura t ion   of  the tandem r o t o r  
VTOL whether in   t akeoff   o r   in   c ru ise .   Consequent ly ,  the c r u i s e  
noise  spectrum is  p r a c t i c a l l y   i d e n t i c a l   w i t h  that a t   t a k e o f f ,  
except   for  the reduced  noise   level   due  to  the increased  dis tance 
from the observer  and  the  change i n  amplitude-time  history  of 
t h e  sound (see Figure 36). 

Some present   day  hel icopters   have a ro to r   no i se   s igna tu re  
which i n c l u d e s   t h e ' a c o u s t i c a l  phenomenon described as blade- 
bang. It w a s  decided t o  supplement the usefulness  of this 
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APPENDIX A 

s tudy   by   inc luding   an   acous t ica l   he l icopter   s igna ture  w i t h  
blade-bang  (Figure 37). The envelope of t h e  main r o t o r  
ro ta t iona l   harmonics   exhib i t s   peaks  a t  f requencies   spec i f ied  
by a detai led  Fourier   analysis   of   a   s ingle   blade-bang  occur-  
rence. 
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SYNTHESIS OF INDIVIDUAL AIRCRAFT BOUNDS 

Fan l i f t .  - The terminal   noise   s ignature  was synthesized  by 
pu re ly   e l ec t ron ic  means. Pure  tone  frequencies w e r e  produced 
by  audio-sine wave s igna l   genera tors .  These tones  represented 
the   d i scre te   f requencies   emi t ted  from the  engine and gas 
generator   intakes.   Dis t r ibuted  about   these  tones were two 
shaped  broad-band spec t ra   represent ing  some of   the  random noises  
emitted from these  components.  Broad-band noise  from the   con t ro l  
nozz les   near   the   forward   sec t ion   of   the   a i rc raf t  was also  sep-  
a ra te ly   genera ted  and  shaped to   the   p red ic ted   spec t rum.  A l l  of 
these,   four   pure  tones and t h r e e  broad-band  noises, w e r e  then 
combined in   an   e lec t ronic   mixer  and recorded a t   t h e i r   p r o p e r  
ampl i tude   r a t io s   r e l a t ive   t o   each   o the r  on  one t rack   of  a 
multi track  magnetic  tape  recorder.   This conibined signal  was,  
on  playback,  fed to   the  forward  facing  speaker  on the   vehic le  
l a te r  used in   t he   f i e ld   s imu la t ion   o f   t he   f l i gh t   no i se .   F ive  
minutes  of t h i s   s t e a d y - s t a t e  sound w a s  recorded t o   a l l o w   f o r  
s u f f i c i e n t  t i m e  for  speaker volume adjustments,   vehicle  speed, 
and simulated  f l ight  path  during  the  out-of-doors  re-recording. 

Similar ly ,   seven  pure  tones,   represent ing  discrete   harmonics  
of  fan  noise were produced.  Also,  shaped  broad-band random 
noise  was used to   s imu la t e   t he   de f l ec t ed  cruise engine  exhaust. 
Along with the broad-band  nozzle  noise,  these  sounds w e r e  a l l  
mixed e l e c t r o n i c a l l y   t o  create t h e  sound t o  be d i rec ted   ou t  
of  the  speaker  facing a t  r igh t   ang le s   t o   t he   d i r ec t ion   o f  
s imula ted   f l igh t .  

F i n a l l y ,   t h e  same gas  generator   pure  tone and  broad-band 
noise   c rea ted   for   the   forward   fac ing   speaker  w e r e  recorded on 
a third  t rack  of   the  tape  recorder   for   playback  through  the 
speaker  which  faced t o   t h e   r e a r   o f   t h e   v e h i c l e .  

S i n c e   t h e   f a n   l i f t   a i r c r a f t   i n   c r u i s e  i s  a more o r  less 
conventional  by-pass  fan j e t ,  it was decided t o  reshape  the 
fly-over sound o f   an   ac tua l   t u rbo fan   a i r c ra f t   t o   t he   spec t rum 
s h a p e   p r e d i c t e d   f o r   t h i s   f a n   l i f t   a i r c r a f t .  

Je t  l i f t  VTOL. - The je t  lift VTOL t e rmina l   no i se ,   l i ke  
t h a t  of t h e   f a n   l i f t  terminal   noise ,  was produced e n t i r e l y  
by  e lectronic  means. Pure  tones and  shaped random noise  
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represent ing the cruise   engine  intake  noise  w e r e  mixed and 
recorded  on  track  one  for  the  forward  facing  speaker.  The 
noise  of the l i f t i n g  je ts ,  cons is t ing  of tones  and  shaped 
broad-band  noise  along w i t h  two shaped random noise  sources 
representing  primary and by-pass  exhaust  noise and the  shaped 
random noise   represent ing the def lected  cruise   engine  exhaust  
no i se  w e r e  then combined  and recorded  for  playback  out  of  the 
s ide  speaker .  The third  speaker  w a s  used  only t o  round  out 
t he   no i se   d i s t r ibu t ion   w i th  some simulated  cruise  engine 
deflected  exhaust  noise.  

The remainder  of  the  simulation  procedure,  including 
out-of-door   ampli tude-t ime  his tory  and  direct ivi ty ,  and 
laboratory  refinement  of  spectral   shape and f ina l   ad jus tments  
w a s  i d e n t i c a l   t o   t h a t  used f o r  the f a n   l i f t   t e r m i n a l   n o i s e .  

For  reasons d iscussed  i n  the noise   ana lys i s   sec t ion  of 
Appendix A ,  a separa te   c ru ise   no ise   s imula t ion   of   th i s   a i r -  
c r a f t  was omitted and another  helicopter  noise  signature was 
s u b s t i t u t e d  i n  the  study. 

T i l t  winq VTOL. - For more real ism,  it w a s  decided  to   use 
frequency and ampl i tude   sh i f ted   p rope l le r   no ise  from an 
a c t u a l  tilt wing in   hove r ,   t he  VZ-2, ra ther   than  s imulate  
ro tor   o r   p rope l le r   t e rmina l   no ise .  However, s ince   t he  VZ-2 
has  a t a i l  r o t o r   i n   a d d i t i o n   t o  i ts  main ro to r s ,   an   ana lys i s  
had t o  be performed  of  the  azimuthal  noise  distribution. This 
was  done  by tuning a narrow-band f i l ter  to   the  fundamentals  of 
the main  and t a i l   r o t o r   r o t a t i o n a l   n o i s e   f r e q u e n c i e s .  A record 
of   the   no ise   ra t io   o f  main r o t o r   t o  t a i l  rotor  amplitude 
r e v e a l e d   t h a t   a t   t h e  12 o'clock  azimuth  locat ion  (direct ly   in  
f ron t   o f  the a i r c r a f t )   t h e  t a i l  r o t o r   n o i s e  was inaudible 
and more than 15 decibels  below  the main ro tor   no ise .  There- 
f o r e ,  the main ro tor   no ise   recorded   a t   th i s   az imuth   loca t ion  
was used,  although it was s h i f t e d  from the fundamental of 70  Hz 
f o r   t h e  VZ-2 t o  the  predicted  frequency  of 50 Hz f o r   t h e  tilt 
wing noise  t o  be simulated. This f requency   sh i f t  was done 
w i t h  the var iable   speed  tape  recorder .  The amplitude  shaping 
w a s  accomplished  with a one-third  octave-band  equalizer. 

This  procedure  then  resulted  in  the  proper  frequency con- 
t e n t  and  ampli tude  dis t r ibtuion  of   the tilt wing ro tor   ro ta -  
t iona l   no ise .   Propel le r   b lade   vor tex   no ise ,   be ing   of   insuf f i -  
c ient   magni tude  to  scale from t h e  VZ-2 tilt wing, was generated 
e l ec t ron ica l ly   by  a random noise   generator  and  amplitude  shaped. 
Thus,   the tilt wing blade  noise  spectrum w a s  composed,  mixed 
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and r ad ia t ed  f r o m  the side  speaker of t h e  vehicle used i n   t h e  
s imulat ion  process .  

A pure  tone w i t h  shaped  broad-band random noise   centered 
about this frequency  represented  engine  intake  noise  emanating 
from the s imulat ion  vehicle   f ront   speaker .  And, t o  round  out 
the sound d i s t r ibu t ion   beh ind  the veh ic l e ,  some of the broad- 
band noise  w a s  f e d   t o   t h e  rear speaker. 

The remainder of the simulation  procedure was the  same as  
f o r  the other   f ie ld-synthesized  ampli tude-t ime  his tor ies :  
d i r e c t i v i t y  from the vehicle  speakers,   amplitude-time from 
driving  past   the  microphone, and f inal   spectrum  adjustments  
i n  the laboratory.  The procedure  for   creat ing the c ru i se   no i se  
w a s  s i m i l a r   t o  that  for   obtaining the tilt wing terminal   noise  
with  several   modif icat ions.   Blade  rotat ional   noise   of  the 
VZ-2 w a s  shifted t o  a fundamental  of 30 Hz instead  of  50 Hz 
used for   the   t e rmina l   opera t ion .  The spectrum  shape was 
somewhat d i f f e r e n t  from the terminal  noise  and w a s  again 
adjusted w i t h  the octave band equal izer .  The amplitude-time 
h i s to ry ,   ob ta ined  by vehic le   speed   var ia t ions ,  w a s  d i f f e r e n t  
from the  terminal   noise  t i m e  h i s t o r y .   F i n a l l y ,  af ter  t h e  
f ield simulation w a s  completed,  Doppler s h i f t  was introduced 
a r t i f i c i a l l y  by the var iable   speed  tape  recorder  by  playback 
onto  another  recorder.  

Turbofan STOL. - The turbofan STOL takeoff   noise  w a s  
pr imari ly   der ived from a r ea l   a i r c ra f t   f l y -ove r   no i se .  The 
actual  turbofan  noise,   however,  w a s  augmented  by  shaped 
random noise  preceding the peak  amplitude  during the fly-by. 
F i g u r e  38 i l l u s t r a t e s  the technique  of  simulating t h i s  STOL 
a i r c ra f t   no i se   du r ing   t akeof f .   Pa r t   ( a )   o f  the f i g u r e  shows 
the predicted t i m e  h i s to ry   o f  the STOL a i r c ra f t   cons ide r ing  
the ground  run-up  noise  generated 2000 f e e t  from the takeoff 
po in t ,  the takeoff ,   and  the fly-away  noise.  Part (b) of 
Figure 38 i n d i c a t e s   t h a t  shaped random noise  w a s  generated 
e lec t ronica l ly ,   p receding  the spectrum  shaped  actual  turbofan 
noise  fly-over. The mixed sum of these two component noises  
yielded the predicted  amplitude-time  history  of the STOL 
takeoff   noise .  

The spectrum  and  amplitude-time  history  of the turbofan 
cruise noise  w a s  r e l a t ive ly   s imp le   t o   s imu la t e .  The sound 
from  an  actual  by-pass  turbofan  fly-over was shaped t o  the 
required  spectrum  with the octave  band  equalizer. The 
resu l t ing   acous t ica l   s igna ture   represented  the predicted  noise  
l e v e l   f o r  the t u r b o f a n   i n   c r u i s e   a t   a n   a l t i t u d e  of 2000 f e e t .  
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(A) PREDICTED  AMPLITUDE-TIME  HISTORY 
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F igure  38. Simulation  of  Turbofan STOL Terminal  Noise. 
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Riqid  rotor  VTOL. - The syn thes i s   o f   r i g id   ro to r   he l i cop te r  
terminal   noise  w a s  accomplished  with the a i d   o f   a c t u a l   s i n g l e  
ro tor   he l icopter   no ise .  A f r equency   sh i f t   o f   t he   r ea l   he l i -  
copter   ro tor   ro ta t iona l   no ises ,   the   fundamenta l  and  harmonics 
of the  blade  passage  frequency, was made on the   var iab le   speed  
tape  recorder .  The new frequency-shifted  spectrum was then 
re f ined  w i t h  the  use  of the octave band equa l i ze r   t o   t he   shape  
predicted  by  analysis .  

Since the r i g i d   r o t o r  VTOL a i r c r a f t  w a s  conver ted   to  a con- 
v e n t i o n a l   p r o p e l l e r   a i r c r a f t ,   t h e   s y n t h e s i s   o f   t h e  cruise  noise  
was accomplished  in  the same manner as   tha t   o f   the   no ise   o f   the  
tilt wing. Component noises  from  which t h i s   a i r c r a f t   a c o u s t i c a l  
s igna ture  w a s  assembled  included some reshaped and frequency 
s h i f t e d   a c t u a l   p r o p e l l e r   r o t a t i o n a l   n o i s e ,   a n   e l e c t r o n i c a l l y  
synthesized  broad-band  vortex  noise  represented  by a random 
noise  generator  shaped  output,  and  pure  tone  and  shaped  broad- 
band noise   to   s imula te   engine   no ise .   Then ,   in   the   f ie ld ,   the  
amplitude-time  history and d i r e c t i v i t y   f a c t o r s  w e r e  composed 
with  the  mobile  sound generator .  And, f i n a l l y ,   l a b o r a t o r y  
refinements  in  spectrum  shape, t i m e  h i s t o r y ,  and the   i nc lus ion  
o f   t h e   a r t i f i c i a l  Doppler  effect  were combined t o   y i e l d   t h e  
des i red  cruise  fly-over  noise. 

Tandem r o t o r  VTOL. - The tandem ro tor   he l icopter   t e rmina l  
noise   s ignature ,  l i k e  tha t   o f   t he   r i g id   ro to r   du r ing   t e rmina l  
operat ion,  was constructed  with the aid  of  taped  sounds  of  an 
ex i s t ing   he l i cop te r .  Because the   he l icopter   des ign   of   th i s  
study  had  four  blades  on  each  of  the two main ro to r s   i n s t ead  
of t he   t h ree   b l ades  on t h e  sample avai lable ,   the   blade  passage 
noise  frequency and i t s  harmonics were s h i f t e d   s l i g h t l y  upwards 
along  the  f requency  scale   with  the  a id   of  the var iable   speed 
tape  recorder .   Adjustments   in   spectrum  shape  to   coincide 
w i t h  t ha t   p red ic t ed  by ana lys i s  were made w i t h  the  octave band 
equal izer  and r e su l t ed  i n  t he   no i se   p red ic t ed   fo r   t he   fu tu re  
tandem rotor   of  this study. 

Both banging and  nonbanging  tandem ro to r   he l i cop te r   no i se s  
r ep resen t ing   c ru i se   f l i gh t   no i se   cond i t ions  w e r e  simulated. 
Actual  tandem  rotor cruise fly-over  noise,   frequency  shifted 
and amplitude  shaped as for   the   t e rmina l   no ise   condi t ions ,  
was used. 

72 



y J 

APPENDIX C 

SPECTRUM ADJUSTMENTS BY APPARENT DISTANCES 

A s  discussed  previously,  it had  been  decided t o   e v a l u a t e  
a range  of  st imulii   encompassing  four  levels  for each of   the  
twelve   a i rc raf t   sounds ,  two  above  and two be low  the   an t ic ipa ted  
midpoints  of  equivalent  ‘annoyance.  Furthermore,  these  four 
levels were not   to   represent   s imple   se t t ings   o f  a volume cont ro l ,  
b u t   a c t u a l   s p e c t r a ,  shaped  by  apparent e f f ec t s   o f   d i s t ance  and 
atmospheric   sound  absorpt ion  in   order   to   s imulate   four   different  
d i s t a n c e s   o f   t h e   a i r c r a f t  from the   i n t ended   l i s t ene r .  The  
method of  determining  what  these  spectra  should be w i l l  be 
i l lus t ra ted   by   us ing   the   t e rmina l   no ise   spec t ra   o f  the fan 
l i f t  VTOL a i r c r a f t  as an  example  (Figure 3 9 ) .  The s t eps  
involved  are  discussed  below. 

Step 1. - Sta r t ing   w i th  the acoustical   spectrum  predicted 
f o r  a 500 foot   d i s tance  from  an  outdoor  observer  (spectrum a ) ,  
adjustments w e r e  made fo r   wa l l  sound transmission loss f o r  
the intended  indoor listener (spectrum b ) .  

Step 2. - This  sound, when p re sen ted   t o   t he  listeners i n  
the  prel iminary (volume ad jus t )  t es t ,  w a s  then  adjusted by 
t h e   l i s t e n e r s   t o   v a r i o u s   l e v e l s  from  which t h e  median 
(spectrum c) was chosen  for   fur ther   calculat ions.  

Step 3 .  - The peak PNdb level  of  spectrum c as   def ined  
in   r e f e rence  9 was then  determined. However, because  the 
adjustments  during  the  preliminary tests w e r e  made on a volume 
b a s i s ,  a l l  octave  band  levels w e r e  reduced  by  an  equivalent 
amount. Since  any  change in   l eve l   necessa ry   fo r   ac tua l  sub- 
j e c t i v e   t e s t i n g  was to   cons is t   o f   changes   in   apparent   d i s tance ,  
the  reduct ions  in   the  var ious  octave  bands  should  have  been 
nonlinear  with  frequency.  Therefore, a new spectrum d w a s  
found w i t h  a perceived  noise   level  (PNL) equa l   t o   t ha t   o f  
spectrum c. This now represented   the   d i s tance   th i s   s imula ted  
a i r c r a f t  would have t o  be from  an  indoor l i s t ene r   t o   p roduce  
the  PNL of  spectrum d.  This d is tance  w a s  determined  with the 
aid  of   reference 18. 

Step 4. - Spectrum d then w a s  the   an t ic ipa ted   midpoin t  
about  which  the  four  levels  of  each  of  the  twelve s t i m u l i i  
w e r e  t o  be varied.   Again,   four  spectra  representing  four 
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d i f f e r e n t   d i s t a n c e s  w e r e  found  corresponding t o  +4, +I, -1, and 
-4 PNdb about the PNL of  spectrum  d. 

Step 5. - Since  the  sounds,   a l though-- intended  to  be heard 
as indoor  sounds, w e r e  t o  be simulated  on  magnetic  tape as 
outdoor   sounds,   the   db  differences  due  to  w a l l  t ransmission 
loss for   the   var ious   oc taves  w e r e  added. , 

The t r a n s i t i o n  from  spectrum a ,  S tep  1 (on magnetic  tape 
when the volume ad jus t  test was administered) t o  the   four  
s p e c t r a   i n   S t e p  5 w a s  accomplished i n  the  Acoustical   Laboratory.  
The extent  of  the  changes w a s  observed on an  octave  band 
analyzer w i t h  g raphic   l eve l   recorder  as a readout  device. 
Spectra w e r e  a lso  monitored  aural ly   during  this   process .  

Final  Magnetic Tape Preparation 

In the administration  of the paired  comparison t e s t ,  it 
w a s  o r ig ina l ly   p lanned   to   account   ana ly t ica l ly   for   the   sample  
order   e r ror .  This er ror   occurs  when the second  one  of a 
p a i r  of s t i m u l i i  i s  genera l ly   ra ted   as   be ing  dominant  whereas 
actual   inst rument   analysis   measures   both the same. In  reference 
1, t h e   e r r o r  for aud i to ry   s t imu l i i  w a s  r e p o r t e d   t o  be two 
dec ibe ls .  However, r e s u l t s   o f  a more recent   inves t iga t ion  
(reference 17)  i n d i c a t e   t h a t   t h e   c o r r e c t i o n  i s  not   necessar i ly  
a constant .  The spec t r a ,   t he i r   r e l a t ive   ampl i tudes ,  and the 
absolute  magnitudes  of the sounds  being compared play an 
i n t e r a c t i n g   r o l e  in  determining  this   correct ion.   Consequent ly ,  
both test  sequences w e r e  p re sen ted   t o  the subjects, t h a t   i s ,  
the   re fe rence  sound i n   t h e   p a i r  would be h e a r d   f i r s t  (R-S 
sequence) , and a t  another t i m e ,  it would be heard las t  by the 
same test subjects (S-R sequence).  Thus, t w o  comparisons 
of each of t h e  48 s t i m u l i i  w e r e  p lanned   for   p resenta t ion   to  
the test  sub jec t s   t o   de t e rmine  and  account  for  order error. 

The f ina l   t ape   sequence   presented   to   the  test sub jec t s  
for   the  paired  comparison test was  randomized. This w a s  done 
with the a id   o f  a random numbers table from reference 19 and 
r e s u l t e d   i n  a mathematical random sequence  involving  a i rcraf t  
types ,  mode of   operat ion,  sound l e v e l ,  and order of presenta- 
t i o n .  
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DERIVATION OF COMPARATIVE  PEAK  PNdb 
BASED  ON  MEASURED  INDOOR  SPECTRA. 

This  Appendix  contains  the  correlation  of  subjective  and 
objective  data  which  yield  the  comparative  peak  perceived 
noise  level  based on measured  indoor  noise  spectra.  The  dotted 
line  represents  the  response  to  the  stimulus  when  it  was  heard 
in  the  second of the  two  positions  in  each  pair of sounds. 
The  dashed  line  is  the  response  to  the  other  stimulus  position 
in  the  pair,  i.e., the  stimulus  was  presented  before  the 
reference. 

76 



LOO 

80 

60 

40 

20 

0 

APPENDIX D 

F A N  OR JET LIFT CRUISE 
MEASURED PNdb LEVELS’ 

70 75 80  85 90 95 100 

L E V E L S  - P N d b  

F A N   L I F T   T E R M I N A L  
100 

80 

60  

40 

20 

0 

70 75 80 85 90 95 100 105 

L E V E L S  - P N d b  

Appendix D: P a r t  a. 

105 

77 



APPENDIX D 

BANGING  TANDEM  ROTOR  CRUISE 

(MEASURED PNdb LEVELS)  

I -  

t 
70  75 80 85 9 0  95 100 105 

LEVELS - P N d b  RS .""_ 
SR -"-. Appendix D: Part b. 

SUBJECTIVE  TEST RESULTS 
(MEASURED PNdb LEVELS) 

JET  LIFT TERMINAL 

100 

0 80 

E 

02 
$ 3  

+ 
v) 2 2  60 

< v)' 
b Z 4 0  
rnz 
+ ?  
V b  
2 
m 20 s 
s? 

0 

LEVELS - PNdb 

Appendix D: Part c. 

78 



APPENDIX D 

TILT-WING CRUISE 
(MEASURED PNdb LEVELS) 

100 

8 0  

0 

70  75 80 85 90 95 100 I05 

LEVELS - PNdb 

TILT WING TERMINAL 

70 75 80 85 90 95 100 105 

LEVELS - PNdb 

Appendix D: Part d.  

79 

I 



APPENDIX D 

(MEASURED PNdb LEVELS) 
TURBO-FAN STOL CRUISE 

70  75 80 85 90 95 100 105 

LEVELS - PNdb 

TURBO-FAN  STOL  TERMINAL 

100 

0 

80 
k 

0 
70  75 8 0  85 90 95 100 105 

LEVELS - PNdb 

Appendix D: Part e. 

. " 

80 



. 
APPENDIX D 

RIGID  ROTOR CRUISE 
(MEASURES PNdb LEVELS)  

70 75 80 85 90  95 100 I05 

LEVELS - PNdb 

RIGID  ROTOR TERMINAL 

70 75 80 85 90 95 100 I05 

LEVELS - PNdb 

Appendix D: P a r t  f. 

81 



70 75 8 0  85 90  95 100 I05 

L E V E L S  - PNdb  

APPENDIX D 

NON-BANGING  TANDEM  ROTOR  CRUISE 
( M E A S U R E D   P N d b   L E V E L S )  

NON-BANGING  TANDEM  ROTOR  TERMINAL 

70 75 80  85  90  95 100 105 

L E V E L S  - P N   d b  

Appendix D: P a r t  g. 

82 



APPENDIX E 

APPLICATION OF COMPARATIVE PEAK PNdb 
TO OUTDOOR AIRCRAFT SOUNDS 

This Appendix contains  the  correlation  of measured  sub- 
jective responses and predicted  acoustic  data which result i n  
the  derivation  of  the comparative peak perceived  noise  level 
as would be determined from data measured out of  doors. 
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